Reading rates are slower for persons with low vision than for normally-sighted persons. This study investigated the change in reading performance and reading eye movements when we simulated the two most common causes of low vision -central field loss and cataract -and their combination (scotoma + cataract). Three subjects read sentences with each of these simulated impairments at five different letter sizes. They required larger letters to read with the cataract or scotoma than they did with normal vision, and larger still to read with scotoma +cataract; the change in eye movements relative to normal vision was similar across conditions. When reading large letters (1.61°), the cataract had almost no effect, while the scotoma and scotoma + cataract reduced reading rate for two of the subjects. The cataract had a greater impact on performance relative to normal vision for these same two subjects, while for the third subject the cataract had a greater impact with the scotoma in place. Cataract extraction tends to be postponed in patients with central field loss because it is not perceived to be beneficial. The findings from this study, as well as others, suggest that patients with central field loss would benefit from cataract extraction.
Introduction
As our population continues to age, the number of persons with age-related macular degeneration (ARM) will increase. ARM often results in a scotoma that includes the fovea, resulting in central field loss. Because they must use peripheral retina, persons with central field loss have reduced acuity and contrast sensitivity, and read quite slowly (e.g. Legge, Ross, Isenberg & LeMay, 1992) . Persons with ARM also often have other ocular pathologies, the most common of which is cataract (Shuttleworth, Luhishi & Harrad, 1998) . From a population-based study, Muñ oz, Rubin, Schein, Fried, Bandeen-Roche and West (1997) estimated that about 35% of persons with ARM also have clinically significant cataract. Unpublished data from the same study (the Salisbury Eye Evaluation study) show that only about 2% of persons who do not have ARM have clinically significant cataract. This discrepancy is likely due, in part, to the fact that cataract extraction is often postponed in persons with ARM because it is believed that the post-operative improvement in visual acuity would be minimal (Shuttleworth et al., 1998) .
We recently measured acuity in normally sighted subjects when a simulated cataract and a simulated scotoma (3.4°) were introduced into their visual fields (Fine & Rubin, 1999c) . Even with the relatively mild simulated cataract used in that study, subjects had better acuity when only the scotoma was introduced into their visual field than when the same scotoma was combined with the simulated cataract. Differences across subjects between the scotoma alone and scotoma+ cataract conditions ranged from 0.14 to 0.24 log units, or 1.5-2.4 lines on a standard acuity chart. These data suggest that cataract would reduce acuity, even with central field loss. Similarly, Shuttleworth et al. (1998) and Mö nestam and Wachtmeister (1997) reported post-operative increases in acuity in patients with ARM.
We sought to examine the effects of these same simulated impairments (cataract, scotoma, and scotoma+ cataract) on reading performance (speed and eye movement patterns). We chose to study the functional changes in reading performance because it is one of the most common rehabilitative goals of patients with low vision (Elliott, Trukolo-Ilic, Strong, Page, Plotkin & Bevers, 1997; Mö nestam & Wachtmeister, 1997) . There have been very few studies of eye movements during reading with central field loss (see Bullimore & Bailey, 1995 for a study of eye movements in patients with ARM, and Fine & Rubin, 1999a ,b for studies of eye movements with artificial scotomas), and data from the current experiment will expand our understanding of how the changes in eye movements that occur with central field loss affect reading. In addition, acuity is a poor predictor of reading performance in patients with central field loss (Legge et al., 1992 ).
In the current study, subjects read simple sentences in each of four vision conditions: normal, cataract, scotoma, and scotoma+ cataract. The sentences were presented using five different letter sizes providing reading rate by letter size functions for each vision condition. From these data we will be able to evaluate reading performance when subjects are presented with text near their reading acuity threshold in each of the vision conditions, as well as well above their acuity threshold. By comparing reading performance at both threshold and well above threshold for each vision condition, we will be able to determine if the visual impairments we impose lead to different patterns of reading eye movements, and if these patterns differ depending on the size of the text.
We will also be able to assess the effects of reduced contrast sensitivity, due to the simulated cataract, on reading performance. When contrast is sufficiently reduced, reading slows. The critical contrast for reading 6°letters (the contrast at which reading rates drop to 50% of maximum) is about 6% for observers with normal vision (Legge, Rubin & Luebker, 1987) compared to about 34% for readers with low vision (Rubin & Legge, 1989) . Rubin and Legge concluded that, for readers with low vision, the effective contrast of the text was attenuated relative to normal vision. This contrast attenuation could account for the slower reading of observers with low vision and no central field loss, but observers with central field loss read even slower than predicted by contrast attenuation. Legge, Ahn, Klitz and Luebker (1997a) proposed two accounts for the reduced reading rates found with reduced contrast. The first, which they called the 'shrinking visual span hypothesis', explains decreased reading rates in terms of the number of fixations needed to read each word. As the visual span shrinks (due to reduced contrast), more individual fixations are needed to read each word and reading rates decrease. The second account, the 'prolonged viewing hypothesis', assumes that the visual span remains constant at low contrast but that it simply takes longer to gather sufficient visual information to recognize the words. That is, the time spent on each fixation increases. Legge et al. (1997a) found support for both hypotheses. When they asked normally sighted observers to identify four unrelated words presented with rapid serial visual presentation (RSVP), they found an interaction between presentation time and word length, as they predicted would happen if reduced contrast resulted in a smaller visual span. When observers read sentences presented on a static display and their eye movements were recorded, Legge et al. found both more saccades and longer fixations as contrast was reduced, indicating that both a reduced visual span and prolonged viewing contribute to slower reading at reduced contrast.
When low vision subjects with cloudy ocular media and no central field loss identified words presented with RSVP there was also some evidence for a reduced visual span (Legge et al., 1997a) . Unfortunately, Legge et al. did not collect eye movement records from these patients to determine if they, like the normally-sighted observers, showed evidence of both reduced visual span and increased fixation time when reading sentences presented on a static display.
In the current study, we directly assessed the effects of reduced visual span and increased fixation duration on reading performance. The cataract condition allows us to assess the effects of reduced contrast with foveal vision, while the scotoma+ cataract condition allows us to assess the effects of reduced contrast (due to the cataract) on reading with peripheral retina, where Legge, Mansfield and Chung (1997b) also found evidence for reduced visual span. If both cataract and scotoma reduce visual span, then saccade size should be reduced in the cataract and scotoma conditions, and further reduced in the scotoma+ cataract condition, relative to reading with normal vision. If they also require prolonged viewing to gather sufficient visual information then we should see longer fixations under these conditions.
Methods
Reading performance by letter size functions were determined for each of the four vision conditions (normal, cataract, scotoma, and scotoma+ cataract). Reading time and eye movements were recorded for each of five letter sizes under each of the vision conditions. Fig. 1 . Average effect of simulated cataract on contrast sensitivity for the three subjects in the current study and for two patients who participated in a prior study of the effects of cataract removal on contrast sensitivity. PSC, posterior subcapsular cataract. Numbers in parentheses refer to cataract severity, judged according to the Wilmer grading scheme (Taylor, Lee, Wang & Muñ oz, 1991) . Nuclear cataract was graded on a decimal scale from 0 (none) to 4.0 (severe), cortical cataract was graded according to the fraction of the lens obscured by the opacity, and PSC was graded as present or absent. The data for the simulated cataract are from Fine and Rubin (1999c) ; the data for the two patients who were tested before and after cataract removal are from Rubin et al. (1993) .
Subjects
Two emmetropic (27 yo RL and 30 yo SJ) subjects and one hyperopic (45 yo GR) subject participated in this experiment. For GR, best subjective refraction was determined for each testing distance and included in the optical pathway of the image stabilizer. Each subject read and signed an informed consent before testing began and was compensated for her or his time. Data collection took place over eight sessions. Each session took between 45 min and 1.5 h depending on the vision condition.
Apparatus
A 3.4°circular scotoma was created by printing a solid black circle on clear acetate film using a laser jet printer. This scotoma size was chosen to accommodate the optical constraints imposed by the scotoma simulator and the increased difficulty of the task with larger scotomas. We chose to use a relatively small scotoma in this study because it allowed us to present letters large enough to assure that all subjects would reach maximum (or near maximum) reading rates in the scotoma + cataract condition while maintaining the same spatial layout of the sentences across all vision conditions. In addition, we have shown in previous work that a 3.5°simulated scotoma significantly affects reading performance (Fine & Rubin, 1999a) .
A piece of '4 mil Clear Ink Jet Film' (Azon Color, Inc.), a lightly frosted acetate, was used to simulate the cataract. Fig. 1 shows the average reduction in contrast sensitivity caused by the simulated cataract as well as a comparison with the contrast change shown by two patients who regained contrast sensitivity following cataract surgery (Rubin, Adamson & Stark, 1993) . Details of the procedure used to determine contrast change with the simulated cataract can be found in Fine and Rubin (1999c) . Briefly, subjects were asked to indicate whether vertical sinewave gratings were tilted 15°to the right or left of vertical. Contrast sensitivity was measured over a range of 0.5-10 cyc/deg both with and without the simulated cataract. Measurements were taken three times under each vision condition and contrast thresholds averaged.
Eye movements were recorded using a Generation-V dual-Purkinje-image eyetracker (Crane & Steele, 1985) while the subject's head was stabilized using a bite-bar and forehead rest. Horizontal and vertical eye position data were recorded every 4 ms and stored on the same PC-based computer used to present the stimuli. The nominal accuracy of the eyetracker is about 1 minarc.
A scotoma simulator was used with the eyetracker to stabilize the 3.4°simulated scotoma on the subject's retina while eye movements were recorded (Crane & Kelly, 1983) . Subjects were free to move their eyes about the text, which was not stabilized. With the scotoma simulator, text falling on the same area of the retina is masked from view regardless of where subjects move their eyes. The gain of the system was adjusted so that the scotoma moved smoothly with the subject's eye movements. There was no perceptual delay during saccades or smooth eye movements. In addition, stabilization of the scotoma is sufficient to produce image fading. The cataract simulator, as well as a piece of clear acetate in the normal vision condition (used to compensate for any degradation in the image caused by the acetate used to produce the scotoma), were introduced into the same optical pathway of the eyetracker as the simulated scotoma when appropriate. The eyetracker combined with the scotoma simulator can only present the mask to the right eye. The left eye was patched throughout the experiment.
Before testing began, the eyetracker was aligned so that when the subject fixated a small dot at the center of the monitor, the outputs from the eyetracker, which indicate the horizontal and vertical eye position, both registered zero. When the subject's eye moves, the values indicating the horizontal and vertical position change. Changes in the output of the eyetracker were used to monitor the position of the subject's eye.
In the scotoma and scotoma+cataract conditions, subjects positioned the scotoma by adjusting the position of the circular mask in their visual field until it was centered over a 3.4°white box that was centered on the monitor. While the subject positioned the scotoma, the experimenter monitored the outputs of the eyetracker to assure that they remained at zero, indicating that the subject's eye remained centered on the monitor.
After the scotoma was positioned, it was moved out of the optical pathway of the image stabilizer so that the eyetracker could be calibrated. To calibrate, an array of 15 dots (three lines of five dots each) appeared one at a time, spanning the dimensions of the monitor. The subject looked at each dot, and while maintaining fixation, pressed a joystick button. Twenty readings of the vertical and horizontal eye position were taken (once every 4 ms) before the dot was erased and a new dot appeared at the next location. The 20 readings were averaged and a single value assigned to each fixation location. Two regression lines were fit to the 15 fixation locations indicating the horizontal and vertical position of the eye relative to locations on the monitor. The calibration procedure was repeated until a minimum R 2 of 0.98 was obtained in both directions. These data were used to assign fixation locations (in pixels) to the output of the eyetracker (voltage values). Subjects calibrated once per session.
Stimuli
All stimuli were presented in a fixed-width (monospaced), san serif font (FontGenerator 5.1; VS Software, Little Rock, AR). Letter size was determined on the basis of center-to-center spacing and ranged from 0.10 to 1.61°. Size was varied by both changing the physical size of the letters and changing the distance of the monitor from the subject. The letter sizes used were 0.10, 0.20, 0.28, 0.40, 0.57, 0.68, 0.80, and 1.61°, from which five were chosen for testing in each condition. Subjects always read the two largest letter sizes. The remaining three sizes were determined based on performance (see below). The sentences, selected from an expanded MNRead corpus (Legge, Ross & Luebker, 1989) were centered on the monitor both horizontally and vertically, and were each displayed on four lines with 13 letters in each. There were 9-14 words per sentence.
Subjects read 20 sentences under each of the four (vision condition) × five (letter size) conditions twice. This required a minimum of 800 sentences. We had 510 sentences in our corpus. To reduce the effects of sentence repetition, subjects read through a randomly selected subset of 400 sentences before all 510 sentences were recombined and a new set was randomly selected. In this way we minimized the effects of sentence repetition on reading performance.
The sentences were presented in reverse polarity (white letters on a black background) on a 19 in. high resolution monitor. Reverse polarity was chosen to minimize the impact of the cataract. Legge, Rubin, Pelli and Schleske (1985) and Rubin and Legge (1989) have reported that patients with cloudy ocular media read faster from reverse polarity displays while there is no difference in reading rate with clear ocular media both in patients with central field loss and normally-sighted controls. The luminance of the letters was 125 cd/m 2 ; the background luminance was 0.02 cd/m 2 , resulting in a Michelson contrast of 99%. Luminances at the subject's eye were reduced to about 15% of their display values due to the optics of the image stabilizer and were constant across conditions.
Procedure
Under all conditions, subjects controlled the initiation and the termination of each trial. Before each trial, the computer indicated that the system was ready by an audible beep. A sentence was displayed when the subject pressed a joystick button. This initiated the timing and eye movement recording for each trial. When they finished reading the sentence, they pressed the button again, which terminated the timing loop and eye movement recording for that trial. After five randomly selected trials, the subjects were prompted to report the sentence they had just read to the experimenter, who recorded their response. A joystick press then restarted the trial loop. Subjects made very few errors when reporting the sentences, and the number and kind of error did not differ depending on letter size or vision condition.
All subjects read with normal vision, followed by cataract, scotoma, and scotoma+cataract. Data were collected twice in each vision condition. For each vision condition, subjects read the largest letter size first (1.61°). In the normal vision condition, subjects were then presented with the sentences in the smallest letter size (0.10°). We set a maximum reading time of 95 s (about 7.5 words per minute, wpm) for each sentence. If the subject could not read three sentences within that time limit, the next larger letter size was chosen until they were able to meet that criterion. Once the minimum letter size they were able to read was determined, they completed testing with that size, and then read three sets of sentences, each increasing in letter size, for a total of five. Testing in the other conditions was the same except that subjects were not presented with letter sizes in the cataract and scotoma conditions that they could not read in the normal condition, and with letter sizes in the scotoma+cataract condition that they could not read in the scotoma condition. Reading under all of the vision conditions was completed before the conditions were repeated.
Twenty sentences were read at each letter size. The first five were considered practice and the data are not included in the analyses presented here.
Eye mo6ement analysis
The horizontal position of the eye was used to determine fixations and saccades. Fixations were defined as any period of 50 ms or longer during which the eye moved less than 0.5 letter space. The average horizontal eye position during a given fixation was recorded. The overshoot that often occurs when the eye comes to rest after a saccade (Snodderly, 1987) was included in the fixation time and average position. Saccade size was defined as the number of letters spanned between the center of fixation n and the center of fixation n + 1. The number and size of regressive saccades includes the return sweep eye movement from the end of one line of text to the beginning of the next.
We also recorded from the eyetracker whether or not the subject's eye was accurately tracked during the previous 4 ms time bin. Trials were rejected if there was a continuous loss of track of 40 ms or longer. Even with shorter periods of time during which tracking is not accurate, the image stabilizer may change the position of the scotoma. If this happens, the subject gets a clear view of the stimulus. Subjects were carefully instructed to inform the experimenter if this happened, and these trials were also rejected during analysis. This happened only rarely. On average, data were successfully recorded from more than 14 trials per subject per condition (15 was the maximum possible).
Results
Data from the two sessions for each vision condition were compared. There were no systematic differences depending on session. Therefore, all good trials from the two sessions (24-30 depending on the subject and condition) were combined. Fig. 2 . Reading rate by letter size functions for each of the vision conditions by subject. Each data point represents the mean 9 1 S.E.M. combined across all good trials of the two testing sessions. Minimum reading rate possible with the protocol employed was about 7.5 wpm. Reading rate by letter size functions for each subject are shown in Fig. 2 . Reading acuity threshold (the smallest letter from which a subject could read 7.5 wpm or faster) was greater for all of the experimental conditions relative to normal vision and in the scotoma+ cataract condition relative to the scotoma condition. For subsequent analyses we used relative reading performance to assess the effects of the vision simulations. Where data had not been collected at the same letter size in both conditions (e.g. RL did not read from 0.28°l etters in the normal vision condition, her threshold letter size in the cataract and scotoma conditions) the average performance (reading rate and eye movements) from the two letters sizes surrounding the missing data (e.g. 0.20 and 0.40°letters for RL with normal vision) were used in the comparison. Fig. 3 shows the ratio of reading performance for each simulated visual impairment relative to normal vision for the threshold letter size in the scotoma+ cataract condition. This comparison allows us to assess reading performance under each of the vision conditions for the same letter size. In this and all subsequent figures, the error bars are 95% confidence intervals 1 . Where the values differ from 1.0, the simulated impairment had a significant effect on the variable indicated.
Not surprisingly, reading rates were slower with scotoma+ cataract at threshold letter size than they were with normal vision (Fig. 3) . For all three subjects, there was an increase in the number of saccades, a decrease in their size, and an increase in fixation duration. At this same letter size, all three subjects also read slower with the scotoma alone than they did with normal vision. Here, however, the eye movement changes were somewhat different across subjects. Subjects RL and SJ each made more and smaller saccades with longer fixations. GR actually made fewer and smaller saccades, and his fixations were much longer relative to normal vision than was true of RL and SJ. Although not intuitive, fewer and smaller saccades with longer fixations does allow for effective reading. In the cataract condition, only RL read more slowly relative to normal vision for the letter size corresponding to threshold in the scotoma+ cataract condition. This resulted from more saccades and longer fixations. Fig. 4 shows changes in reading performance at threshold for each vision condition relative to reading with normal vision at the same letter size (the data for the scotoma+ cataract condition are replotted from Fig. 3 ). This analysis allows us to independently determine the effects of each impairment on reading at threshold relative to reading with normal vision at that same letter size. For all three subjects, the letter size necessary for reading in the simulation conditions fell near to or on the asymptotic portion of the reading rate by letter size function for normal vision. Thus, these comparisons will tell us how reading at threshold with visual impairments compares to reading with normal vision. For all three simulated impairments, reading was slower and subjects made more and smaller saccades. Fixation duration was increased relative to normal for all subjects in all conditions except GR reading with the simulated cataract, where the difference from normal just failed to reach significance.
We also looked at reading performance for each impairment relative to normal vision for the largest letter size we tested (1.61°). These data are shown in Fig. 5 . With the simulated cataract, RL read somewhat slower than with normal vision, while there was no difference in reading rate for subjects SJ and GR. Interestingly, although RL read more slowly, none of the eye movement variables were significantly different from reading with normal vision. All three subjects read more slowly with the simulated scotoma with 1.61°l etters than they did with normal vision. Each had smaller saccades and longer fixations, and RL also made more saccades. With scotoma+ cataract, again each of the subjects read more slowly than they did with normal vision. There was an increase in the number of saccades and a decrease in their size for SJ and GR, while the slower reading for RL was due solely to an increase in fixation duration.
We also sought to determine the effects of the cataract on reading with and without central field loss. To do this, we compared reading performance for threshold letter size. The data are plotted in Fig. 6 . As can be seen from Fig. 2 , the simulated cataract had almost no effect on reading performance for the 1.61°l etters. We see more individual differences in terms of the pattern of data for these comparisons than we did for the previous performance comparisons. For RL, the cataract had a greater impact on reading rate when the scotoma was in place than when her central field was clear, while the opposite was true for SJ and GR. In RL's case, the cataract had an impact on all of the eye movement components we investigated; she made more and smaller saccades, and fixated longer when the cataract was in place. The effect of the cataract on eye movements only differed between the normal and scotoma conditions in terms of the number of saccades. Relative to reading without the cataract, RL made more saccades in the scotoma +cataract condition than with the cataract alone.
SJ made relatively more and smaller saccades, as well as longer fixations with the cataract than she did with her normal vision. Interestingly, when the scotoma was in place, only fixation duration changed with the addition of the cataract. Opposite to RL, relative to reading without the cataract, SJ made fewer saccades in the scotoma+cataract condition than with the cataract alone. There were no other differences in her eye movement patterns when there was and was not a scotoma in her visual field.
GR showed a quite different pattern of changes in eye movements with the cataract, although, as was true of SJ, the cataract also had a larger impact on his reading rate when his central field was clear. In his case, the slower reading with the cataract relative to normal vision was due to an increase in the number and a decrease in the size of saccades. There was no change in fixation duration. When the scotoma was in place, the cataract led to more and larger saccades, and again, there was no change in fixation duration. When we compare the effects of the cataract with and without the simulated scotoma, GR made more and smaller saccades when his central field was clear. As was true of RL and SJ, fixation duration did not change depending on the status of his central visual field.
Discussion
Subjects read slower at threshold with all of the visual impairments simulated in this study than they did under normal reading conditions, and two of the three subjects read slower with the scotoma and scotoma+ cataract even with the largest letters presented (1.61°; five to six × single letter acuity threshold; Fine & Rubin, 1999c) . Reading acuity threshold was larger with the cataract and scotoma, relative to normal vision, and larger still with scotoma+ cataract. For the largest letters we tested, the cataract had almost no effect on reading.
It is interesting that, relative to reading with normal vision, the change in eye movement patterns at threshold was similar for the three impairments we imposed. This suggests that the cataract and scotoma impact eye movements in a similar way. It also suggests that, at least under the controlled conditions of the current experiment, visual impairments that have the same effect on acuity (see also Fine & Rubin, 1999c for letter and word acuity) affect reading similarly. This also carried over to the scotoma+ cataract condition where the change in eye movements relative to normal vision was the same as with either impairment alone.
This study also sought to evaluate how the change in contrast due to the cataract simulator affected eye movements while reading. Although reading rates at threshold were similar in the three experimental conditions relative to reading the same letter size with normal vision, the eye movements subjects made to read were different for each of the conditions. With simulated cataract, most of the extra reading time was due to an increase in fixation duration. With the scotoma, most of the increase was due to an increase in the number of saccades. With scotoma + cataract, subjects increased both the number of saccades and the fixation duration. These data indicate that, at least at threshold, the slower reading rates found with the simulated cataract and simulated scotoma in this study are not caused by the same underlying deficit. From Legge et al.'s (1997a) model, one could argue that the cataract results in prolonged viewing (longer fixation duration), while the scotoma results in a reduced visual span (more saccades).
The degree of contrast reduction imposed by the simulated cataract in this study was small relative to other studies of the effects of contrast on reading rate with normal vision (Legge et al., 1987 (Legge et al., , 1997a . For example, Legge et al. (1997a) looked at reading rates for 1.63°letters at contrast levels of 30% or less (Experiment 3). As in the current study, they found almost no change in reading performance for the 30% contrast text relative to text presented with near 100% contrast. Similarly, in their 1987 paper, contrast reduced to 30% had almost no impact on reading performance for large letters. However, when they tested reading with smaller letters (0.25-0.50°), reading rates were reduced at 30% contrast relative to their highest contrast condition (96%). All of the subjects in the current study could read 0.28°letters with the simulated cataract, but their reading rates were slower than reading with normal vision. In addition, their reading rates matched those in the normal vision condition when letters were 0.57°or larger. These data indicate that while reduced contrast has relatively little impact for very large letters (1°or larger in Legge et al., 1997a) , the reduced contrast imposed by the simulated cataract in this study did affect reading performance for two of the three subjects for 0.40°letters, and all three subjects for 0.28°letters, which is closer in size to everyday reading materials (newsprint at 40 cm is about 0.25°). The simulated cataract affected reading performance in the scotoma+ cataract condition in a similar way. That is, it had a fairly substantial impact on reading performance when reading the smaller letters, and little impact on reading performance when reading the larger letters. Legge et al. (1997a) concluded that reducing the contrast of text (due either to actual reductions in contrast or effective reductions due to low vision) reduces the visual span. When they tracked the eye movements of normally sighted observers, they found both a decrease in the size of saccades, indicating a reduced visual span, and an increase in fixation duration, indicating the need for prolonged viewing. In the current study, we also found reduced saccade size and increased fixation duration with both the simulated cataract and the simulated scotoma. Legge et al. (1997a) proposed that the prolonged viewing was due to an increase in the time needed to recognize each word at low contrast, and that this increase in viewing time should be the same regardless of word length. In the current study, subjects made both smaller saccades and longer fixations, as did the subjects in Legge et al.'s study when they read statically displayed text. Previous research (Rayner, Inhoff, Morrison, Slowiaczek & Bertera, 1981; Blanchard, Pollatsek & Rayner, 1989) had shown that when the size of the window from which text was available on each fixation was reduced, fixation times increased. In Blanchard et al.'s study, the size of the window was varied from fixation to fixation. They found longer fixations on word n+1 when the window was reduced to the word currently fixated (word n), but no change in fixation duration for word n. In addition, they found that the length of word n+1 affected fixation times differently depending on whether or not preview was available. From this, they concluded that reducing the size of the window increased fixation time because the reader was not able to use the preview of the subsequent word to decrease lexical access time. Blanchard et al.'s data, along with those of Rayner et al., indicate that the prolonged viewing found when the visual span is reduced is the result of the smaller span. That is, with normal text displays, if the span from which information can be gathered on a given fixation is reduced (whether due to reduced contrast or the number of letters available to the reader on a given fixation), the time spent fixating each word should increase. Thus, under normal reading conditions, the shrinking visual span and the prolonged viewing hypotheses are not separable.
Simulated cataract affects reading performance even in the presence of simulated central field loss. Although we found no difference in reading speed or eye movement patterns for the largest letters we tested (1.61°), the simulated cataract increased the reading acuity threshold. One could conclude from these data that the effects of cataract for patients with ARM could be compensated for by increasing text magnification, and cataract removal would provide little benefit to the patient. However, increasing the magnification of the text using magnifiers or closed-circuit television decreases the number of letters available on a given fixation. This would further reduce the visual span of the reader and decrease reading speed even more. In addition, the magnification required to eliminate the effects of the cataract in the current study (6.44× for newsprint, more for reading food and medicine labels) is beyond the capabilities of most hand-held magnifiers.
The visual impairments simulated in the current study were a mild cataract and a relatively small scotoma (3.4°). The characteristics of the simulated scotoma are different from naturally occurring scotoma (the simulation was perfectly round and perfectly centered over the fovea). In addition, the fixation strategies adopted by the subjects in this study likely differed from the fixation strategies used by patients with scotoma due to ARM. The subjects in this study reported fixating below the scotoma in their visual field. Most patients with ARM fixate either to the left or right of their scotoma (e.g. Sunness, Applegate, Haselwood & Rubin, 1996) . Given these differences one would expect that the reading performance of patients with ARM might not parallel the data presented here. However, there is no reason to believe that the effects of a cataract on reading speed and eye movements would differ. On the basis of the reading performance found with the scotoma + cataract condition in the current study, and the change in acuity threshold under these same conditions we reported in an earlier study (Fine & Rubin, 1999c) , one could predict that patients with ARM and cataract would benefit from cataract extraction. This prediction has been confirmed in a recent report by Mö nestam and Wachtmeister (1997) who found that of the 12 low vision patients with ARM who could not read and underwent cataract surgery, half regained the ability to read. While their sample is small, it is suggestive of the potential benefits of surgery.
To our knowledge, there has yet to be a prospective study of reading performance in patients with ARM who undergo cataract surgery. This may be due in part to the fact that cataract extraction is much less com-mon among patients with ARM than among patients with no retinal disease (Muñ oz et al., 1997) . While the simulations we have chosen may limit the generalizability of our results to patients with actual scotomas (i.e. the scotoma was small, and subjects chose to fixate below the scotoma), the use of simulations has important advantages compared to the study of real scotomas. First, recording eye movements in older individuals -especially in patients with cataract and/ or unstable fixation due to retinal disease -is much more difficult than making those measurements in young, normally-sighted observers. Second, simulations allow us to control the attributes of the scotoma, such as size, density, and location. It would be difficult or impossible to recruit a sample of patients for whom scotoma size, shape, and location, as well as cataract density, were similar enough to draw general conclusions about their impact on reading. A sample would likely limit the generalizability of the findings due to the decreased sensitivity of the measurements.
The data from these experiments add to our understanding of reading with central field loss, cataract, and their combination. For example, we show that at reading acuity threshold, relative to reading with normal vision, reading rates and eye movements are about the same with the simulated cataract and scotoma, but are different with their combination. We also show that for sufficiently large letters there is little or no difference in reading performance between the scotoma alone and the scotoma +cataract. Here it is clear that it is the scotoma that is limiting reading performance -the cataract has almost no effect on reading for these large letters.
When we combine these data with our findings on acuity with these same simulated impairments (Fine & Rubin, 1999c) we can conclude the following. First, although acuity is the same for the cataract and scotoma conditions, the impact on reading performance for letters well above threshold differs in important ways. Second, although the cataract reduces acuity with the simulated scotoma, it has almost no impact on reading performance with large letters. These findings once again point to the difficulty of predicting reading performance on the basis of acuity.
As discussed earlier, clinically significant cataract is present in about 35% of persons with ARM and only about 2% of persons who do not have ARM (Salisbury Eye Evaluation Study). Shuttleworth et al. (1998) indicated that cataract surgery is often postponed in patients with ARM because physicians do not believe they will benefit from the surgery. Our findings with simulated impairments indicate that patients would likely benefit, and that it is certainly a question worthy of systematic exploration.
